Rearrangement of atoms due to broken translational symmetries at the surface of SrTiO3 is scarcely debatable in the present day scenario. Actual concern demands to unveil the true structure and precise mechanism responsible for atomic reconstructions at a unit cell level. Here, we reveal the atomic structure of SrTiO3 surface by using annular bright field imaging in spherical aberration corrected scanning transmission electron microscope. We measure structural parameters such as lattice constant, bond length, atomic displacement and subsequently we find a polarization for the top five unit cells is ~10-20 µC·cm -2 . Both Sr-O and Ti-O planes reconstruct thus contribute to net dipole moment that is towards surface. Elongation of the out of plane lattice for skin layers is also witnessed. The electron energy loss spectroscopy experiment illustrates the presence of oxygen vacancies at the surface which seems to be largely responsible for the stability of surface polarization. Our study provides a sound foundation into mechanistic understanding for structure and properties of surfaces for complex oxides. These outcomes can be considered as a pragmatic boost particularly for examining other insulator-like materials as well as in bridging gap for hitherto fewer experimental investigation along with various theoretical studies.
Introduction
Ferroelectricity in ABO3 type perovskite oxides requires strong ionic and noncentrosymmetric phase which arises when the material is cooled below Tc. Exception in this connection is strontium titanate (SrTiO3, STO) having no bulk ferroelectric phase at any finite temperature. However, ferroelectricity can be triggered by applying mechanical stress [1] [2] [3] [4] , by inducing electric field [5] [6] [7] [8] or by creating defects such as Sr vacancies, antisite defects and oxygen vacancies [9] [10] [11] . Studies related to afore-mentioned phenomena are numerous, for instance, Weaver observed the existence of spontaneous polarization and hysteresis in STO below 50 K [5] .
A decade later Burke et al. found the transition to the ferroelectric phase by applying uniaxial stress along more than one crystallographic orientations at 4.2 K [2] . Fluery and Warlock observed first order Ramen scattering by inducing electric field [6] . Besides, flexoelectric effect induced polarization was also monitored in STO single crystal [12] . Most of the studies have witnessed ferroelectric response at low temperatures. According to a report room temperature surface piezoelectricity in SrTiO3 was also monitored by utilizing piezoresponse force microscopy [13] .
Recently, room temperature ferroelectricity has also been reported for STO films grown on a slightly mismatched lattice DyScO3 [14] , and later at an even higher temperature (T=400 K) for STO films grown on silicon [15] . Even if the substrate strain is absent, the room temperature ferroelectricity was also observed in the ultrathin STO film [16] .
Besides, surface ferroelectricity for a few top layers of strontium titanate has also been predicted [17] [18] [19] [20] [21] . Using low-energy electron diffraction (LEED), Bickel et al. found that the surface layer exhibits significant puckering at 120 K (oxygen ions extending away from the surface) [17] . Later theoretical work by Ravikumar et al. suggests that the surface can be ferroelectric if it is SrO-terminated but not if TiO2-terminated [18] . Padilla et al. through first 4 principle calculations of energy for [001] surface of STO provided some indication of weak surface ferroelectricity [19] . Surface X-ray diffraction investigation of strontium titanate surface carried out by Herger et al. gave an evidence about surface polarity by mapping atomic displacement down to three unit cells [20] . However, even after several theoretical and experimental studies, the atomic structure of surface is not so clear and whether or not the surface is polarized is still under debate mainly due to highly intertwined and complex structure at surfaces and most properties are directly linked to the structure which can easily be altered by small localized distortions at an atomic level [22] . To investigate these precise distortions and local structures, limited spatial resolution associated with bulk characterization techniques, to name a few, x-ray, neutron diffraction remained a chronic problem over the decades. Although the scanning tunneling microscopy (STM) and atomic force microscopy (AFM) are being considered as a powerful tools to observe surface reconstruction [23] [24] [25] , but they provide only a top view and cannot perceive the subsurface layers consequently formation as well as the mechanism of skin reconstruction along with phenomena like polarization, strain and octahedral tilt, hence, left unexplored to a major extent [26] [27] [28] . In contrast, the recent advancements of annular bright field (ABF) imaging in an aberration corrected scanning transmission electron microscope (STEM) have made it possible to simultaneously determine both heavier cations and lighter oxygen atoms in oxides such as TiO2 and Al2O3, allowing us to precisely measure the structural parameters at surface and subsurface of functional materials regardless of their poor electrical conductivities [29] [30] [31] . Thus, for the STO surface, by using this technique we are able to answer these mentioned-ahead questions that how large the polarization is, how much the thickness of the polarized layer is, and what is the possible contributions of SrO and TiO2 layers to the total polarization.
In this paper, we use ABF in aberration corrected STEM to study the atomic structure of 5 STO skin by mapping the lattice constant, bond length, atomic shift and polarization. Our result shows for a few top surface layers (~ five unit cells) the displacements of the oxygen and Ti relative to the center of the Sr sublattice occur at this surface layer, which generate a polarization as large as 10 to 20 µC·cm -2 . Besides, the out of plane lattice constant c at surface has an increase of almost 3-4 % signifying a transition from cubic to tetragonal phase accompanied with emergence of polarization. The electron energy loss spectroscopy measurements identify the presence of oxygen vacancies that may account for the stable polarization. Our results reveal the atomic structure of surface region by confirming the presence of polarization, phase transition, and oxygen vacancies, providing valuable insights into the understanding of atomic structure and properties for complex oxides and shed light on design of devices via surface engineering. is an indication of oxygen vacancies [32] . For such oxides the formation of oxygen vacancies at surface is natural [33] and this phenomenon can be understood by the fact of weaker bonding of oxygen at the surface and thus they can easily escape from the surface, leaving oxygen vacancies at surface.
Results and Discussion
The ferroelectricity in STO is largely believed to originate from the naturally existed nanometer-size polar clusters (NPCs) due to the local inhomogeneities [34, 35] such as Sr vacancies and Ti-antisites [36] . Indeed, the calculations suggested that the formation energy of Sr vacancies can be as small as that of the oxygen vacancies [37, 38] . The recent first-principles calculations also revealed that Ti-antisite induced polarization is as large as 55 μC/cm 2 in its residing unit cell and also causes other surrounding region to be coherently polarized [16] .
Although, the NPCs commonly exist in STO bulk single crystals and films but such small isolated NPCs are buried in an insulating bulk matrix and thus the unscreened depolarization field destabilizes their polarization. Therefore, they usually not remain capable of generating macroscopic polarization. However, such a delicate balance can easily be disturbed by external parameters such as the electrical fields [6, 7] , substrate strain in thin films [14, 15] , and charges from the defects [9, 11] , leading to a transformation from paraelectric STO to ferroelectric phase.
At the STO surface, due to weakly bonded surface atoms cationic point defects are readily formed to breed high density of NPCs. The oxygen vacancies and possible foreign adsorbates on the surface can therefore act as a compensation charges to screen the depolarizing field and to align the electric dipoles, consequently stabilizing the long-range correlation among NPCs to produce Beside quantitatively judging polarization from atomic displacement, we may also further verify its occurrence from lattice expansion ~3.5% for top four unit cells. In fact, the elongation of lattice c observed at different regions of the surface (see Fig. S4 Supplemental Materials for other surface region) is also consistent with previous observations for other perovskites [45, 46] .
According to Landau-Ginsburg-Devonshire (LGD) theory the equilibrium polarization and lattice c are co-related to each other [47] , i.e., by using lattice parameters we may calculate polarization.
This scenario entails with certainty that the phase transition from cubic to tetragonal at few nanometers thick STO surface is accompanied with generation of polarization. Moreover, this argument of lattice elongation possesses a deep link with our another vital finding of O vacancy presence at surface layers by viewing through the nexus of Vegard effect [48] according to which ion concentration variation induces stress or strain means there is an effect of stoichiometry on the lattice constant. Hence, it can be securely asserted that lattice expansion phenomenon is a signal to O vacancies presence which in turns act as a possible compensation charges to screen the depolarizing field and to align the electric dipoles thus contribute for polarization.
The atomic structure is schematically presented in Fig. 2 (a) and 2(b) indicating the polarization is outward, i.e., polar vectors pointing to surface. The polarization direction is different than that predicted in a LEED investigation by the calculation for the ideally clean surface in the vacuum [17] because the orientation of skin polarization is determined by the practical surface conditions [46] , e.g., dangling bonds, point defects, and adsorbates, which indeed are difficult to identify by our method and needs further investigation in future. Our current investigation of surface polarization is, of course, not for ideally clean surface instead the polarization reflects true information for practical materials as most of previous characterization of STO surface polarization such as PFM or AFM and electrical measurements [13, 21, 49, 50] were also done in atmosphere, during which similar surface amorphization, absorption and contamination were also evitable. Indeed, previous studies reported that the surface chemical environment can even reversibly switch the polarization direction in ferroelectric thin films [51] proving the external adsorbate can be critical to control the polarization orientation.
Furthermore, due to the reconstruction at skin layers different physical and chemical properties arises which significantly influence and alter the response of ferroelectric devices particularly in ultra-thin films [52] , for example, surface photochemistry and photocatalysis applications such as dye degradation and water splitting [53] . Already, silicon industry has considered a replacement of SiO2 as a gate dielectric with alternative high 'k' materials such as SrTiO3 and for successful accomplishment appropriate quality and structural compatibility of the interface between the two materials is required [54] . Hence, understanding the structural features and formation mechanisms of STO surfaces plays a noteworthy role in this endeavor.
In summary, we demonstrate the profound insight mechanism of spontaneous polarization 
TEM sample preparation
In order to prepare sample for ABF image acquisition we first used mechanical polishing and then argon ion milling. The ion-beam milling was carried out using PIPSTM (Model 691, Gatan Inc.) with the accelerating voltage of 3.5 kV until a hole is made. Low voltage milling was performed with accelerating voltage of 0.3 kV to remove the surface amorphous layer and to minimize damage.
Image acquisition and Data analysis
HAADF and ABF images were recorded at 300 kV in a JEM ARM300CF (JEOL Ltd.). The by ab initio theory having numerical value 7.12 for Ti and 2.54 for Sr [3] . Notably, small displacements (a few picometers) can exist in the bulk far away from the surface. These small systematic-error-displacements and polarization originate from the unavoidable specimen mistilt (a few mrad) between optical axis and specimen [4] . In order to extract the 'true' atomic structure, we use these systematic-error-displacements as a reference to calibrate the measured polarization, i.e., the mean of displacements far away from the surface is set to be zero as the base line. The values of Born effective charges for STO were previously calculated from ab initio theory [3] .
Calculations among Ti-L edges from EELS data
The calculations are performed using the Digital Micrograph (DM, version 2. Using the result fit-coefficients of each spectrum, we can obtain the relative proportion of 
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